Introduction: Monepantel, a Member of a New Class of Anthelmintics {#s0001}
==================================================================

Parasitic nematodes cause substantial loss of productivity in farming animals and pose a serious threat to the health of pets. To cope with worm infections, the chemical industry has developed several classes of anthelmintics that have been used in the field for decades. However, over the years and especially after repeated usage, resistant nematode strains have appeared. With the development of AADs, it is possible to fight against multidrug-resistant strains.[@cit0001] Older anthelmintics have various modes of action such as the nicotinic agonists (levamisole and pyrantel) which cause spastic paralysis in nematodes; the acetylcholinesterase inhibitors (haloxon); the gamma-amino-butyric acid agonists (Piperazine); glutamate-gated chloride channel stimulators (ivermectin) which lead to paralysis of pharyngeal pumping and the benzimidazoles (abendazole and melbendazole), which bind to β-tubulin consequently inhibiting microtubule formation.[@cit0002] Ivermectin-, benzimidazole- and levamisole-resistant *C. elegans* have been shown to be sensitive to AADs strongly suggesting that monepantel functions via a different mode of action and therefore targets genes that have not yet undergone selective pressure.[@cit0001]

The Ion Channel ACR-23 is a Target of Monepantel in *C. elegans* {#s0002}
================================================================

Like many parasitic nematodes, wild-type *C. elegans* is sensitive to monepantel.[@cit0003] However monepantel has little or no efficacy against certain parasitic nematodes like *Taenia ovis*, *Esophagostomum venulosum*, or the free-living nematode *Pristionchus pacificus*, which lacks the monepantel receptor.[@cit0004]

*C. elegans* is not a parasite, but a nematode that can easily and conveniently be maintained in culture. With its short life cycle and well-established tools for genetic analysis, it is the perfect organism to screen for mutants that are resistant to monepantel. Such a screen led to the identification of the nicotinic acetylcholine receptor superfamily member ACR-23.[@cit0001] In AAD-resistant mutants, the ACR-23 protein has lost all or part of its activity, indicating that it is a major target of monepantel.[@cit0001] Interestingly, *acr-23* cRNAs reconstitute a monepantel-sensitive current in *Xenopus* oocytes. We found that choline and monepantel act as agonists on ACR-23 and therefore proposed that ACR-23 forms a monepantel-sensitive channel that is permeable to monovalent cations.[@cit0003] We also suggested that the anthelmintic blocks the channel in its open configuration and found ACR-23 to be mainly expressed in body wall muscle cells. We therefore proposed that monepantel blocks muscle function by continuous depolarization of the membrane of muscle cells.[@cit0003]

More recently, glycine betaine was identified as the natural ligand of ACR-23.[@cit0006] Moreover, in this study monepantel was shown to boost betaine action, resulting in spastic paralysis. This study, however, proposes that ACR-23 acts in neurons rather than in muscles where ACR-23 is predominantly expressed.[@cit0003] In any case, the nervous system is tightly coupled to the muscular system via the neuromuscular junctions, so they can possibly function in tandem with regards to ACR-23, therefore accounting for the discrepancies observed in the two studies.

Expression of ACR-23 and Mobility Defects of *acr-23* Mutants {#s0003}
=============================================================

We found that an *acr-23::gfp* fusion reporter construct, which could fully rescue *acr-23* mutants, was predominantly expressed in the body wall muscle cells and in some cells of the tail, which we did not identify.[@cit0003] A more recent report showed that a reporter construct driven by the *acr-23* promoter was mainly expressed in the mechanosensory neurons PLM, PVM, AVM and ALM and in body wall muscle cells.[@cit0006] In our transgenic strain, we can observe two cells expressing *acr-23* in the tail, but their position and shape neither correspond to the two PLM, nor to cells of the body wall muscles. The absence of expression in the tail mechanosensory neurons with the protein fusion construct indicates that while the *acr-23* promoter is functional and able to rescue *acr-23* null mutants, the gene product is post-transcriptionally downregulated. As a consequence, it might be present at levels that are not visible in neurons.

In our study, we found that starved *acr-23* mutants moved more rapidly and in straighter trajectories than wild-type starved worms.[@cit0003] Using the same allele, locomotion defects have also been reported in another study in which well-fed *acr-23* mutants were less mobile upon starvation than wild type.[@cit0006] Although both reports clearly state that in the presence of monepantel, *acr-23* mutants are more mobile than wild type, this observation is not very clear in the absence of the drug.[@cit0003] We therefore propose that the opposite mobility phenotypes, which have been observed in the two studies, may be caused by different experimental conditions.[@cit0007]

Dynamics of the Response to Monepantel {#s0004}
======================================

Anthelmintics act in different manners on nematodes. They can, for instance, cause muscle relaxation, as does ivermectin, which triggers flaccid paralysis.[@cit0008] Other anthelmintics cause muscle hyper contraction (spastic paralysis) as observed with levamisole and monepantel.[@cit0001] It is well established that monepantel acts as an anthelmintic. In fact, with *C. elegans* there is a dose-dependent effect of monepantel on larval development and general mobility.[@cit0001] However, adult animals seem to be more tolerant as reflected by the ability of occasional escapers that are still able to lay eggs and to crawl for days on plates containing 1 or 20 μM monepantel.[@cit0003] Anthelmintics are often referred to as being lethal to nematodes. However, whether monepantel actually kills *C. elegans* or parasitic worms remains an open question. This could be addressed by verifying how fast the drug acts, how long its effects remain, and whether nematodes are able to recover from exposure to monepantel once the drug has been cleared away.

*C. elegans* can live on solid or in liquid medium, but the motion patterns are quite different: the S-shaped movement for crawling becomes a C-shaped movement for swimming.[@cit0009] The two types of movement therefore require different neuromuscular inputs and might be differently affected by monepantel. Therefore, subtle defects in locomotion, which are not visible on agar plates, could be captured with *C. elegans* moving in liquid medium. In the absence of monepantel we found only minor differences in that *acr-23(cb27)* mutants were slightly more active than wild type as reflected by the number of body thrashes per minute **(**Fru and Puoti, unpublished data**)**. However in the presence of the drug, wild-type *C. elegans* cultured in liquid medium were very rapidly affected by monepantel, and surprisingly even *acr-23* null mutants were paralyzed by the compound (Fru and Puoti, unpublished data). Because ACR-23 is missing in the mutants, the observed sensitivity to monepantel could be caused by another receptor. If so, this receptor could be identified through a mutagenesis screen for the rescue of the swimming defect in an *acr-23* null mutant background. Alternatively, the effect of monepantel on swimming could be stronger due to metabolic differences resulting from the two modes of movement.

Interestingly, *C. elegans* larvae kept on monepantel for one day mostly developed into well-moving fertile adults once shifted to plates without the anthelmintic. However after longer exposure the recovery rate was weaker (Fru and Puoti, unpublished data). Therefore, the larvae even if paralyzed by the compound, can recover after having been exposed to monepantel for a short time. We have not tested recovery with parasitic nematodes, but at least *Haemonchus contortus* could behave similarly to *C. elegans* in that monepantel paralyses both species.[@cit0003] We speculate that susceptible parasitic nematodes that are eliminated from the intestine after drenching are able to survive and to lay eggs once on the pasture. In the case of *Haemonchus contortus*, such eggs can develop into L3 larvae and infect other animals.[@cit0011]

How Does Resistance Appear? {#s0005}
===========================

Like resistance to antibiotics, resistance to anthelmintics arises through mutations in the parasite\'s genome.[@cit0003] In fact, with *C. elegans*, selection on monepantel allowed the isolation of allele *acr-23(cb27)* as a spontaneous mutation, without the addition of mutagen.[@cit0001] Similarly, mutations in the homolog *mptl-1* were isolated from AAD-resistant *H. contortus* species.[@cit0013] Since monepantel does not kill *C. elegans*, one can easily imagine that under constant selective pressure, the more tolerant individuals are given the possibility to escape and to reproduce. With parasitic nematodes such as *H. contortus*, paralysis would result in its elimination through the feces. If similarly to *C. elegans*, larvae of parasitic nematodes were able to recover after removal of monepantel, they would survive once eliminated in the dung and exposed to rain. The recovery of these individuals therefore represents an additional source of infection. Fortunately, such escapers only represent a minute proportion of the population of free-living parasites. In fact, a large part of a population of parasitic nematodes does not reside in the host, but on pasture.[@cit0014] This population, which is in principle not subjected to the anthelmintic, provides a gene pool of susceptible worms to dilute resistant genes.[@cit0015] As a consequence, susceptible worms that are able to recover will contribute to increase of individuals in a *refugium*.

How do Nematodes Develop Resistance to Monepantel? {#s0006}
==================================================

A genetic screen for resistance to monepantel led to the identification of 44 alleles in *C. elegans*, of which 27 correspond to mutations in the coding sequence of *acr-23*.[@cit0001] The remaining 17 mutants have not been investigated so far, but could represent new targets that lead to resistance to monepantel. We complemented *acr-23* mutant alleles by expressing wild-type acr-23.[@cit0003] Remarkably, we also found that alleles, which do not correspond to mutations in the *acr-23* open reading frame were rescued by wild-type copies of *acr-23*.[@cit0003] Consequently, at least some of the 17 additional alleles might affect genes that either control ACR-23 expression or activity. In [**Fig. 1**](#f0001){ref-type="fig"}, we highlight several possibilities on how *C. elegans* could develop resistance to monepantel. Firstly, expression of *acr-23* could be impaired by mutations in the *acr-23* promoter or in other regulators that control the transcription of this gene. Secondly, mutations in the *acr-23* open reading frame abolish or decrease ACR-23 function. Such mutations have been characterized to date.[@cit0001] Thirdly, nematodes can also acquire resistance to monepantel through mutations in accessory proteins that assemble ACR-23 subunits. RIC-3 represents an example of such a chaperone.[@cit0003] It is also possible that ACR-23 receptors need another protein to be fully functional. This factor is indicated by a question mark. However, to account for the results obtained through the electrophysiological analyses, such a factor would need to be functionally conserved in *Xenopus* oocytes.[@cit0003] Of course, other possibilities exist. Betaine is a natural product, which is used as an anthelmintic.[@cit0017] It shares a common receptor (ACR-23) with monepantel and has SNF-3 as its transporter. Consequently, *snf-3* loss-of-function mutants have increased extracellular accumulation of betaine and are hypersensitive to betaine, a condition that could be attenuated by mutations in *acr-23*.[@cit0006] It is worth mentioning that the study of Peden et al. showed that monepantel and betaine had a synergistic effect on the paralysis of *C. elegans*. Therefore, rare gain-of-function alleles of *snf-3* could increase the clearance of betaine from the extracellular space, thus leading to increased resistance to monepantel.[@cit0006] The protein denoted "R^m^" represents a putative receptor to monepantel, which acts on swimming motion rather than on crawling. Nevertheless, if mutated, protein R^m^ does not necessarily confer resistance to monepantel, as long as the ACR-23 protein is functional. Figure 1.**How *C. elegans* could develop resistance to monepantel.** The ACR-23 receptor is represented by a homopentamer that transports monovalent cations (open circles) into the cytosol. ACR-23 is activated by betaine (filled red circles) and monepantel (filled green circles). Betaine is also transported across the membrane by SNF-3. The synthesis of a functional ACR-23 receptor involves several steps, which if inactivated, could result in partial or full resistance to monepantel. Such steps involve gene expression (circled "1") and assembly of the receptor ("3"), for example by the chaperone RIC-3. In fact, *ric-3* mutants are moderately resistant to monepantel.[@cit0002] Mutations in the ACR-23 protein result in resistance to monepantel ("2"). Additional factors could be required for a fully functional ACR-23 receptor ("4"). Blue arrows indicate the synthesis pathway of the ACR-23 receptor. "R^m^" represents a putative additional receptor to monepantel. The representation of the proteins in one single membrane tract should not imply that they are expressed in the same cell.

How to Optimize the Efficiency of Monepantel? {#s0007}
=============================================

A recent report describes the outbreak of resistant nematode species in goat after extensive usage of monepantel.[@cit0018] In this particular case, most individuals were treated simultaneously for 17 consecutive times with monepantel. The authors of the report conclude that such intense drenching leaves a very small population of susceptible worms able to reproduce and dilute the pool of resistant mutants. In addition, the metabolism in goat is more robust than in sheep and might have contributed to shorten the life span of the active compound.[@cit0018]

As with other anthelmintics, a maximum efficiency time for monepantel can only be obtained through alternated treatments with compounds that act on various targets. Although a large part of a population of parasitic nematodes lives in the pasture, only the individuals that are taken up by the host are able to reproduce. Therefore, in addition to alternating anthelmintics, a *refugium* of susceptible parasitic nematodes should be maintained to compete with the gene pool of resistant mutants.[@cit0015] On the side of the pharmaceutical industry, resistance to monepantel could be countered by the development of new anthelmintics that are more stable in the host, or that target additional genes, which are implicated in the activity of ACR-23. The identification and characterization of an additional receptor to monepantel could yield new insights for the design of anthelmintics for the years to come.
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